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Summary To conserve and utilize the genetic pool of gynogenetic gibel carp (Carassius auratus gibelio),
the Fangzheng and Qihe stock hatcheries have been established in China. However, little
information is available on the amount of genetic variation within and between these
populations. In this study, clonal diversity in 101 fish from these two stock hatcheries and
35 fish from two other hatcheries in Wuhan and Pengze respectively was analysed for
variation in serum transferrin. Thirteen clones were found in Fangzheng and Qihe, of
which 12 were novel. Six clones were specific to Fangzheng and three specific to Qihe,
whereas four were shared among the Fangzheng and Qihe fish. To obtain more knowledge
on genetic diversity and genealogical relationships within gibel carp, the complete
mitochondrial DNA (mtDNA) control region (920 bp) was sequenced in 64 individuals
representing all 14 clones identified in the four hatcheries. Differences in the mtDNA
sequences varied remarkably among hatcheries, with the Fangzheng and Qihe lines dem-
onstrating high diversity and Wuhan and Pengze showing no variation. The Fangzheng
and Qihe lines might represent two distinct matrilineal sources. One of the Qihe samples
carried the haplotype shared by a most widely cultivated Fangzheng clone, indicating that a
Fangzheng clone escaped from cultivated ponds and moved into the Qihe hatchery. Four
Fangzheng samples clustered within the lineage formed mainly by Qihe samples, most likely
reflecting historical gene flow from Qihe to Fangzheng. It is suggested that clones in Wuhan
originated from Fangzheng, consistent with their introduction history, supporting the
hypothesis that gibel carp in Pengze were domesticated from individuals in the Fangzheng
hatchery.
Keywords clones, control region, genetic diversity, gibel carp, mitochondrial DNA,
transferrin.
Introduction
The gibel carp (Carassius auratus gibelio Bloch) is a gyno-
genetic cyprinid distributed over a large area of Europe and
Asia (Cherfas 1981; Jiang et al. 1983). It possesses some
interesting characteristics such as the existence of males in
natural habitats (Jiang et al. 1983; Fan & Shen 1990), dual
reproduction modes of gynogenesis and sexual reproduction
(Zhou et al. 2000b), the effect of allogynogenesis (Jiang et al.
1983; Yi et al. 2003; Zhu & Gui 2007) and polyploidy
(Zhou & Gui 2002; Zhu et al. 2006), which make it an
attractive mode for evolutionary genetics and developmental
biology in vertebrates (Dong et al. 2004; Yang & Gui 2004;
Geng et al. 2005; Liu & Gui 2005; Xu et al. 2005). It has
been widely cultivated for the past 30 years in China, and its
production capacity has increased up to 2 billion kilograms
annually.
Gibel carp were originally described as bisexual with
predominantly more females (an 80:20 female:male ratio)
in the Shuangfeng reservoir, located in Fangzheng County,
Heilongjiang Province, China. After determining that it is a
triploid fish that can reproduce by gynogenesis (Jiang et al.
1983), all-female gibel carp were artificially obtained by
inseminating with Xingguo red common carp (Cyprinus
carpio) sperm to initiate gynogenesis. Using biochemical
markers, Zhu & Jiang (1987) identified four genetically
different gynogenetic clones (A, B, C and D) from gibel carp
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populations introduced in the late 1970s and early 1980s
from Fangzheng County to the Wuhan (WH) hatchery,
located in Wuhan City, Hubei Province. The A and D clones,
which grow faster than the B and C clones, were selected as
cultivated strains. The growth rate of these clones increased
10–20% compared to non-selected populations (Zhu & Jiang
1993). Owing to advantages in growth, only the A and D
clones have been maintained by gynogenesis in WH and
their offspring have been introduced into all regions where
aquaculture is practiced in China. In addition, another
popular cultured gibel carp was originally collected from the
Pengze Lake in the 1980s. More than ten generations of
selective breeding have been performed, and a hatchery has
been established in Pengze (PZ) located in Jiangxi Province
since 1991 (Zhou et al. 2000a, 2001; Li et al. 2002; Zhou &
Gui 2002).
To conserve and utilize the genetic pool of gibel carp, the
Fangzheng stock hatchery (FZ) and Qihe stock hatchery
(QH) have been established in Fangzheng County of Hei-
longjiang Province and Qi County of Henan Province
respectively since the early 1990s. In FZ, gibel carp stocks
originated from the Shuangfeng reservoir were kept natu-
rally reproducing in cultivated ponds and then introduced
into other hatcheries throughout China. Similar to the way
gibel carp in FZ have been maintained, QH gibel carp cap-
tured originally from Qihe were proliferated in large fish-
ponds where cultivation conditions are similar to natural
environments.
In this study, we determined diversity of gibel carp in four
hatcheries (FZ, QH, WH and PZ) by analysing the serum
transferring protein. Based on the designation of clones
using the serum transferring data, we determined the
complete (920 bp) mtDNA control region sequences of 64
samples from these four hatcheries to provide information
on genetic diversity and the genealogical relationship
within gibel carp among hatcheries.
Materials and methods
Specimen collection
Fresh blood samples and fin clips were collected from four
gibel carp hatcheries in China (Fig. 1). The number of
samples and geographical locations are shown in Table 1.
Using Phoenix Flow Systems according to the method of
Wei et al. (2003), measurements of DNA content in blood
cells confirmed that all samples in our study were triploids.
Phenotype analysis of serum transferrin
Transferrin was isolated according to the rivanol-treatment
procedure of Yang et al. (2001). Samples were run on 10%
polyacrylamide gels using the Hoefer mini VE vertical
electrophoresis system (Amersham Biosciences, Inc.). After
electrophoresis, the gels were stained at room temperature
with 0.25% Coomassie Brilliant Blue R250 in 45%
methanol:10% acetic acid and destained with repeated
changes of 45% methanol:10% acetic acid until the back-
ground was clear. Electrophoresis was repeated several
times for each sample to distinguish transferrin phenotypes
reliably. On the basis of previous studies (Yang et al.
2001; Yang & Gui 2004), individuals sharing an
identical transferrin phenotype were regarded as the same
gynogenetic clone.
Sequencing
Genomic DNA was extracted from fin clips using a standard
phenol–chloroform method. The complete DNA control
region was amplified using primers CR1 (5¢-ACCC-
CTGGCTCCCAAAGC-3¢; Guo et al. 2003) and DH2 (5¢-AT-
CTTAGCATCTTCAGTG-3¢). The design of the DH2 in this
study was based on the complete mtDNA sequence
(NC_006580) of goldfish (Carassius auratus auratus). The
PCR products were purified using the QIAquick Gel
Extraction Kit (Qiagen) and directly sequenced in both
directions using the above primers.
Data analysis
The 64 sequences of the entire mtDNA control region
(920 bp) (EF633617–EF633680) were edited using the
DNASTAR 5.0 package. All mtDNA D-loop sequences were
aligned with the CLUSTALX package (Thompson et al. 1997).
Insertions/deletions in the aligned sequences were excluded
in the analyses. Nucleotide variations in mtDNA control
region sequences were scored relative to the complete
mtDNA sequence of goldfish (NC_006580) using MEGA 3.1
(Kumar et al. 2004). A rooted neighbour-joining (NJ) tree,
with the complete genome sequence of Cyprinus carpio
Figure 1 Locations of the samples obtained for this study. The area
of the circle is proportional to the numbers of samples (FZ ¼ 18;
QH ¼ 11; WH ¼ 20; PZ ¼ 15; lineage A ¼ 50; lineage B ¼ 14) used
for sequencing.
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(X61010; Chang & Huang 1994) and gengorobuna
(Carassius auratus cuvieri) (AB045144) as outgroups, was
constructed using the Kimura two-parameter model
included in MEGA 3.1 (Kumar et al. 2004) with 1000
bootstrap replications. The median-joining (MJ) network
was drawn using the NETWORK 4.1 program (Bandelt et al.
1999). Haplotype diversity (h) and nucleotide diversity (p)
values (Nei 1987) for gibel carp populations were estimated
using DNASP version 4.10 (Rozas et al. 2003).
Results
In all, 13 transferrin electrophoretic phenotypes were
clearly detected in 101 gibel carp collected from the FZ and
QH hatcheries, demonstrating that 13 different gynogenetic
clones existed (Fig. S1). Of these patterns, six clones were
specific to FZ and three specific to QH, whereas four were
shared across the two hatcheries (Table 2). In addition, two
clones (A and D) and one (clone A) were identified in 20
Table 1 Source and genetic diversity of gibel carp samples.
Hatcheries Code N Locality
Lineage A Lineage B
Haplotype
diversity (h ± SD)
Nucleotide
diversity (p ± SD)n k n k
Fangzheng FZ 50 Fangzheng County,
Heilongjiang Province
14 6 4 3 0.895 ± 0.044 0.010 ± 0.002
Qihe QH 51 Qi County, Henan Province 1 1 10 6 0.873 ± 0.089 0.010 ± 0.003
Pengze PZ 15 Jiujiang City, Jiangxi Province 15 1 0 0 0.000 ± 0.000 0.000 ± 0.000
Guanqiao WH 20 Wuhan City, Hubei Province 20 1 0 0 0.000 ± 0.000 0.000 ± 0.000
Total 136 50 6 14 8
N, sample size for transferrin phenotype analysis; n, sample size for sequencing; k, number of haplotypes.
Table 2 Clone diversity and samples for sequencing in the four hatcheries.
Clone
FZ QH WH PZ
n k Samples n k Samples n k Samples n k Samples
A 13 2 FZ6 (H4)
FZ13 (H4)
1 1 QH33 (H4) 10 10 WH1–WH10 (H4) 15 15 PZ1–PZ15 (H4)
D 10 10 WH11–WH20 (H4)
H 3 2 FZ23 (H2)
FZ28 (H2)
I 2 2 FZ1 (H1)
FZ38 (H3)
1 1 QH24 (H13)
J 3 2 FZ3 (H5)
FZ4 (H5)
K 19 2 FZ9 (H3)
FZ11 (H3)
L 3 2 FZ10 (H2)
FZ49 (H2)
M 1 1 FZ8 (H9)
N 2 2 FZ5 (H7)
FZ29 (H4)
O 3 2 FZ7 (H8)
FZ33 (H4)
1 1 QH42 (H11)
P 1 1 FZ37 (H6) 9 1 QH26 (H14)
Q 3 3 QH20 (H11)
QH39 (H11)
QH50 (H11)
R 31 2 QH1 (H5)
QH16 (H10)
S 5 2 QH2 (H12)
QH23 (H12)
Total 50 18 51 11 20 20 15 15
n, number of samples; k, number of samples for sequencing.
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WH and 15 PZ gibel carp respectively which were similar to
previous reports (Yang et al. 2001; Li et al. 2002). Only one
clone was identical to the known clone A from WH and PZ
hatcheries, whereas the other 12 (clones H, I, J, K, L, M, N,
O, P, Q, R and S) were new (Table 2).
On the basis of the result of transferrin phenotype anal-
ysis, 64 samples representing all 14 clones identified in the
four hatcheries were used for complete mtDNA control
region sequencing (Table 2). Sequence analysis revealed 14
mtDNA haplotypes with 38 polymorphic sites (Fig. S2).
Among them, seven haplotypes were specific to FZ and five
specific to QH. Haplotype H5 was shared by FZ and QH,
whereas haplotype H4 occurred in all four hatcheries.
Haplotype diversity varied from 0.0 in WH and PZ to 0.895
in FZ. The samples in FZ and QH displayed the highest
nucleotide diversity (0.010), whereas WH and PZ samples
had the lowest (0.0) (Table 1). These results indicate that
there are remarkable differences in genetic diversity within
gibel carp among the hatcheries.
A phylogenetic tree developed from the 64 mtDNA
sequences was constructed (Fig. S3), demonstrating two
main lineages (A and B) that represented 50 and 14
samples respectively (Table 1). Lineage A was prevalent in
the FZ samples (14/18 or 77.8%), whereas lineage B was
predominant in the QH samples (10/11 or 90.9%),
indicating that the FZ and QH hatcheries might represent
the two distinct matrilineal sources of gibel carp. One of QH
samples (QH33) carried the FZ haplotype (H4) possessed by
the most widely cultivated clone A (Fig. S2; Table 2). This
implies that QH33 is likely a clone A individual that escaped
from cultivated ponds into QH. Four of the FZ samples (FZ3,
FZ4, FZ5 and FZ8) clustered within lineage B formed mainly
by QH samples, most likely reflecting gene flow from QH to
FZ (Fig. S3). All the samples in WH and PZ carried only the
FZ H4 haplotype (Fig. S2; Table 2), implying that clones in
WH and PZ originated from FZ.
Relationships among 14 haplotypes in the 64 gibel carp
samples were identified with MJ network analysis. Similar to
the NJ analysis, lineages A and B were identified (Fig. 2).
Neither of these lineages formed a star-like phylogenetic
pattern.
Discussion
Two reasons might explain the remarkable differences in
diversity within gibel carp among the four hatcheries. One
explanation is the existence of genetic diversity in the
founder populations. It is well known that gibel carp in WH
descended from the four clones (A, B, C and D), so the
limited genetic variation within the hatchery may be the
result. However, there is no information on the founder
populations of the other hatcheries. The other reason is the
effect of artificial selection in hatcheries. Gibel carp in FZ
and QH have been maintained with no selection of clones,
similar to what occurs in the wild. Thus, genetic diversity
has probably been conserved because they were domesti-
cated from the original wild-type populations. In contrast,
gibel carp in WH and PZ experienced artificial selection for
production. The number of clones in WH has been reduced
to two through transferrin marker-assisted selection (Zhu &
Jiang 1993; Zhou et al. 2000a, 2001; Yang et al. 2001),
while PZ gibel carp has undergone over 10 generations of
more intensive selection and formed a population comprised
only one clone with unique morphological characteristics
(Zhou et al. 2000a, 2001; Zhou & Gui 2002).
Our results demonstrate that both A and D clones in WH
originated from an identical clone with the H4 haplotype in
FZ, in accordance with the fact that they were originally
introduced from FZ. This also reveals a close genetic rela-
tionship between clones A and D. However, there are
several differences between the A and D clones, such
as morphology, spawning time, transferrin phenotypes and
other characteristics (Zhu & Jiang 1993; Zhou et al. 2000a,
2001; Yang et al. 2001). Moreover, clone A has a 3n ¼ 156
karyotype, in contrast to a karyotype of 3n ¼ 162 in clone
D (Zhou & Gui 2002). In fact, subgenomic incorporations of
paternal genetic materials have been reported in gibel carp
(Jiang et al. 1983; Gui et al. 1993; Yi et al. 2003; Zhu &
Gui 2007) and other gynogenetic species (Schartl et al.
1995). Of course, the nuclear genome differences between A
and D clones should be studied with genomic in situ
hybridization and other molecular cytogenetics.
Our analyses indicate that there was gene flow from QH
to FZ, although that would seem impossible, given the large
geographical distance and no direct connection between
Fangzheng County and Qi County (Fig. 1). Furthermore,
there are no records of introduction from QH to FZ. Thus,
Figure 2 Network profile of the mtDNA haplotypes clustered into
lineages A and B. The circle area is proportional to haplotype frequency
(FZ ¼ 18; QH ¼ 11; PZ ¼ 15; WH ¼ 20). A branch with no bars
represents a single nucleotide substitution. Each bar on the branch
indicates one nucleotide substitution.
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we infer that gene flow occurred in an earlier historical
period, around the divergence time of the gengorobuna,
which was approximately 0.5 million years ago (Murakami
et al. 2001). We adopted this fossil-based calibration point
to estimate the time of other nodes using the tree topology
resulting from the NJ analysis (Fig. S3). The time when
gene flow occurred was estimated at roughly 180 000–
10 000 years BP. This time corresponds to an interglacial
period and a glacial period in the last glaciation when
species dispersed from south to north or in reverse owing to
temperature changes, allowing exchange of fish fauna (Liu
& Chen 1998). Thus, the relationship between FZ and QH
gibel carp might be explained as a result of historical
migrations in response to global climate changes in the last
glaciation. However, QH33 in QH is likely a FZ clone A
individual that escaped from cultivated ponds to Qihe and
then was occasionally introduced with endemic gibel carp
populations into QH. Clone A, which has the same mtDNA
haplotype as QH33, was selected from gibel carp popula-
tions in Shuangfeng reservoir and introduced into almost all
aquaculture regions in China before gibel carp in QH were
introduced from Qihe in the 1990s.
All gibel carp samples in PZ shared a mtDNA haplotype
and transferrin phenotype with clone A (Fig. S1; Table 2),
supporting a previous hypothesis that gibel carp in PZ
originated from a cultivated clone A fish (Zhou et al. 2000a,
2001; Li et al. 2002; Zhou & Gui 2002). It is likely that a
few cultivated gibel carp occasionally escaped from the
ponds, then entered local natural water bodies such as lakes
and rivers, and eventually mixed with indigenous fishes.
Clone A individuals may be reselected by local fish breeders
because of their growth advantage over endemic gibel carp.
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Figure S1 Transferrin electrophoretic phenotypes on 10%
PAGE gel in 136 individuals from four gibel carp hatcheries.
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PZ).
Figure S3 Rooted neighbour-joining tree of gibel carp sam-
ples based on 64 mtDNA control region sequences. The tree
is rooted with the mtDNA sequences of carp (Cyprinus car-
pio; X61010) and gengorobuna (Carassius auratus curieri;
AB045144). The values on the branch are bootstrap sup-
port based on 1000 replications (only those ‡50% are
shown).
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